Abstract Production of high quality stockfish in northern Norway takes place from February to May. The dominant blowfly species (Diptera: Calliphoridae) with adults present during stockfish production were Calliphora vicina and Protophormia terraenovae. Larval collections identified the damage-causing species to be C. vicina. Other saprophagous blowfly species were only found after the production period. Fish dried in sun-exposed locations experienced more damage than fish in shaded locations, and the risk of damage was higher in fish dried later in the production period. Yellow sticky traps and funnel traps baited with dimethyl trisulphide were tested for their potential in mass trapping. Sticky traps caught flies during early spring, while funnel traps increased in efficiency closer to summer. Attraction to dimethyl trisulphide was found to be significantly higher for C. vicina compared to P. terraenovae, and the catch of C. vicina consisted of 92% females. The catch of female flies during the critical drying period consisted of 5-30% of the estimated number of flies having caused damage. The target specificity with high female catches and the cost efficiency of these traps indicate that mass trapping can be used as an integrated part of a management program to reduce damage from blowflies in stockfish producing areas.
Introduction
Drying of fresh fish for conservation is important in developing countries where freezing is of limited access and dried products are necessary for storage and transportation. Unfortunately, blowflies (Diptera: Calliphoridae) cause damage during the drying process, and Chrysomya megacephala Fabricius, 1794 and Lucilia cuprina Wiedemann, 1830, have been reported as pest species (Esser 1991; Wall et al. 2001) . In Norway, fish have been dried for commercial purposes for more than 1,000 years (Sturlason 1226) , and in modern times, the stockfish has become a luxury commodity sold to the southern European market. Despite long traditions and the importance of this conservation method, few efficient methods for control of these pest species are available.
High quality stockfish production takes place mainly in Lofoten, northern Norway, and relies on Atlantic Cod (Gadus morhua Linnaeus, 1758) breeding close to this archipelago in February and March. The fish is caught, brought ashore, gutted and hung completely untreated on large racks (Fig. 1) . According to the experience of stockfish producers and findings from previous studies (Sømme et al. 1964; Sømme and Gjessing 1963; Soot-Ryen 1925) , the fish is safe from damage after 4 weeks of drying. At this stage, the crust on the fish is believed to be hard enough to protect the softer and still moist inner layers. It is estimated that the economic loss caused by blowflies may reach one and a half million € per year (Norwegian Stockfish Association-pers. comm.) , and previous reports identify the blue bottle flies Calliphora uralensis Villeneuve, 1922 , Calliphora vicina Robineau-Desvoidy, 1830 and Calliphora vomitoria Linnaeus, 1758 as the major threats in Norway (Sømme and Gjessing 1963) .
Several solutions to the blowfly problem have been tested by the producers in Lofoten. Indoor drying is not an option because the final product loses quality and the cost is too high. Harsh weather conditions prevent the use of physical barriers such as insect nets to protect the fish from the flies. Application of pesticides is a possible solution (Sømme and Gjessing 1963; Walker and Donegan 1984) , but pesticide residue in the fish is undesirable. Soot-Ryen (1925) suggested that a reduction in blowfly density might decrease damage, and Sømme et al. (1964) suggested mass trapping at the production sites as one possible method. Odour-mediated traps for blowflies have reduced sheepstrike incidents and population densities locally, showing that there is a potential for this method in blowfly pest control (Anderson et al. 1990; Broughan and Wall 2006; Dymock and Forgie 1995; Smith and Wall 1998; Urech et al. 2009 ).
Synthetic blowfly lures are available for trapping of screwworms and other sheep-striking blowflies (Mackley and Brown 1984; Morris 2005; Urech et al. 2009) . No such bait is commercially available for the genus Calliphora, but there are reports of attraction to oligosulphides (Nilssen et al. 1996; Stensmyr et al. 2002) . Sticky traps and funnel/ box/entry traps are used for Diptera (Broumas et al. 2002; Diaz-Fleischer et al. 2009; Hall et al. 2003; Navarro-Llopis et al. 2008; Pickens et al. 1994; Urech et al. 2009 ), and lures can be combined with either type of trap. Furthermore, colours such as white and yellow are also known to attract the blowfly Lucilia sericata Meigen, 1826 (Wall et al. 1992b) , and these should be considered as possible trap colours.
This study had three major aims. First, we wanted to investigate earlier findings and common assumptions of blowfly damage on stockfish in Norway. This included identification of the damage-causing species and the influence of hanging dates and degree of sun exposure on damage levels. Second, we wanted to test different types of traps to reveal differences in target specificity and trapping efficiency within and after the production period. Third, we wanted to investigate seasonality of adult blowfly species in the area of stockfish production. The potential of using mass trapping to reduce damage from blowflies is evaluated in light of the results.
Materials and methods

Study area and time of sampling
Lofoten is a large archipelago reaching approximately 200 km southwest from the mainland into the Norwegian Sea. Lofoten is considered to contain a mix of middle boreal, north boreal and alpine habitats. The climate is coastal-arctic with yearly precipitation of 1,000-2,500 mm, average summer temperatures from 8 to 16°C and winter temperatures from -4 to 0°C (Statens kartverk 2003) . Stockfish production sites are located near populated areas and are found on all major islands.
The field work was performed from 2004 to 2006 at three production sites:
The tests of the traps with lure, and investigations of seasonality were done in 2005 at the three production sites, while measures of differences in damage and the estimation of the number of blowfly larvae per damaged fish were carried out at two locations 1 km apart at Vaerøy in 2006.
Damage on drying fish
Collection of larvae
Approximately 500 larvae were collected in each of the 3 years. They were either collected from the ground beneath the drying racks, from the fish while feeding or when migrating by crawling on the floor in the storage rooms. All larvae were brought back to the laboratory, where they were allowed to pupate and hatch prior to species identification.
Differences in damage considering the period of hanging and sun-exposure In order to test the effect of the date of hanging and sunexposure on the level of damage, 400 fish were marked with colour-coded plastic strips. The fish were selected after instruction from the producer and divided into two (1) early start of drying (from February 24 to March 13), or (2) late start of drying (from March 13 to April 8). From each of these two temporal categories, fish were collected from the centre of the racks (shaded fish) and from south-facing outskirts of the racks (sun-exposed fish) to provide four distinct categories with 100 fish in each group. After drying, the marked fish were subjected to the producer's quality control check to register damage from blowfly larvae without prior knowledge of the colour system. The fish were scored as damaged or not damaged.
Number of blowfly larvae per damaged fish considering the period of hanging
In order to estimate the number of blowfly larvae per damaged fish, 200 additional fish were collected at a second site. One hundred fish from each of the two temporal categories described above (early or late) were taken down from the drying racks before larvae had started to leave the fish. The fish was then put up again on indoor racks with buckets beneath each fish to collect the larvae. The larvae were transferred to alcohol and brought back to the laboratory for counting. After larval collection, the fish was scored as damaged or not damaged based on the producer's quality control parameters.
Blowfly trapping
In order to determine the composition of species in the area, adult blowflies were collected using insect nets at the production sites during the springs in 2004 and 2005. Trap catches of blowflies are influenced by both olfactory and visual cues (Wall et al. 1992b) , and therefore, differential attraction may bias the species composition in the traps. Dimethyl trisulphide is attractive to both C. vicina and C. uralensis (Nilssen et al. 1996; Stensmyr et al. 2002) , two of the three species reported to cause damage (Sømme and Gjessing 1963) . White and yellow are also significantly more attractive for Calliphora spp., compared to other colours, but not significantly different from each other (unpublished data). These visual and olfactory elements were utilized in the blowfly trapping experiments at the three stockfish production sites by combining yellow sticky traps and funnel traps with dimethyl trisulphide. The trapping took place from mid-February to mid-October in 2005. Traps were emptied biweekly from the 25th February to the 3rd June, providing eight sampling dates during the production period. Following the production period, traps were emptied on the dates of 22nd July, 2nd and 30th September and 14th October. New lure (0.5-ml pure dimethyl trisulphide in a 1-ml polystyrene microtube) was added on all collection dates, and the captured flies were brought back to the laboratory for species identification and counting.
Traps with lure
Yellow sticky traps Yellow plastic sheets (70 9 180 cm) coated with Tanglefoot Insect Trap Coating (The Tanglefoot Company) were attached to wooden boards and mounted on the sun-exposed sides of the drying racks. Microtubes with lure were positioned in the middle of the trap. Blowflies from a selected area (1/5 of the sheet) were removed by hand on each sampling date for counting and identification, and the total catch was estimated by multiplying with five. Availability of sunexposed locations for mounting of these large traps limited the number of yellow sticky traps to 10, 12 and 14 traps at Gimsøy, Sørvågen and Vaerøy, respectively. The yellow sticky traps were only active during the production period.
Funnel traps Transparent funnel traps with a volume of 1.2 l were baited with lure and attached to the wooden framework of the drying racks. Traps were evenly distributed in the area, and the trap number was adjusted to match the size of the production with 18, 12 and 24 traps at Gimsøy, Sørvågen and Vaerøy, respectively. As the transparent funnel traps provide little or no visual feedback for an approaching fly, the sex-ratio of the catch in these traps was determined to investigate any differences in olfactory response according to gender. The flies from 40 funnel traps originating from all the three producers during the period from 25th April to 5th July were sexed and counted.
Population monitoring
In order to monitor and investigate adult blowfly seasonality, white plastic bucket lids (ø = 27 cm) were coated with Tanglefoot Insect Trap Coating. This provided a passive method for trapping without influence from olfaction. Five of these traps, evenly distributed in sun-exposed positions, were used at each production site. The traps were emptied by hand removal of flies, and new sticky trap coating was added to the surface of the trap on each collection date. The sampling periods followed the schedule described above with biweekly catches during the production period and longer sampling intervals towards the end of the year. In order to compare catches throughout the year, the number of flies caught was divided by the number of weeks the traps were active.
Results
Damage on drying fish
Collection of larvae A total of 1,513 larvae were collected during the 3-years of sampling. Calliphora vicina was the only blowfly species hatching from these collected larvae.
Differences in damage considering the period of hanging and sun-exposure Of the 400 marked fish, 372 were returned after the quality control check, while 28 had disappeared or lost their tags during handling and storage. The highest level of damage was 23%, found in sun-exposed, late-dried fish, followed by 11% in shaded, late-dried fish. Early-dried, sun-exposed and shaded fish experienced 1 and 0% damage, respectively. The proportion of damaged fish was significantly affected by sun-exposure when dried late (chi-square test, v 2 = 4.1, df = 1, P = 0.04), but not when dried early (chisquare test, v 2 = 0.9, df = 1, P [ 0.05). The largest difference in damage was observed between early-and late-dried fish, and the effect was significant independent of hanging position (chi-square tests, sun-exposed:
The number of blowfly larvae collected from each damaged fish ranged from 1 to 538 with a mean of 106 ± 18 SE. Larvae migrated from 27% of late-dried fish and 13% of early-dried fish. The level of damage at this second site was relatively high for both early-and latedried fish, but the difference between the two temporal categories was still significant (chi-square test, v 2 = 4.3, df = 1, P = 0.04). The producer's quality control tests on the same 200 fish, recorded damage of 23 and 13% in the late and early categories, respectively.
Blowfly trapping
Overall catch
A total of 136 adults from six blowfly species were caught with insect nets at the production sites in 2004 and 2005. Calliphora vicina represented 58% of the catch, while P. terraenovae represented 32%. Other species were each present by less than 10% of the total (Table 1A) . A total of 45,805 blowflies were captured during the trapping experiment in 2005. Calliphora vicina was by far the most numerous blowfly species, followed by P. terraenovae and C. uralensis (Table 1C) . Other Calliphoridae caught in the traps included C. vomitoria, Cynomya mortuourum Linnaeus, 1761, Lucilia spp. and Pollenia rudis Fabricius, 1794. In total, other Calliphoridae represented only 8.5% of the catch, with the majority being P. rudis caught with yellow sticky traps during the production period (Table 1B) .
Traps with lure
Yellow sticky traps with lure caught blowflies as early as in mid-March, while no blowflies appeared in funnel traps until mid-April (Fig. 2) . The two dominating species showed a similar seasonal response to both trap types, and the peak catches of both C. vicina and P. terraenovae in yellow sticky traps were in the end of April, while the highest catch in the funnel traps occurred at the end of the production period (Fig. 2) .
Both traps with lure, i.e. funnel traps and yellow sticky traps, caught significantly more C. vicina than P. terraenovae during the production period (t-tests; funnel traps: T = 60398.0, n = 214, P \ 0.001 and yellow sticky traps: T = 73686.5, n = 252, P \ 0.001). The difference was the largest in the funnel traps, which caught C. vicina and P. terraenovae at a ratio of 15:1, as compared to 3:1 in the yellow sticky traps (Fig. 3 ). This contrasts with the catch in the white sticky traps without lure, which showed no difference in abundance between these two species (t-test, white sticky traps: T = 8206.0, n = 90, P = 0.861).
The 40 traps investigated for sex ratio contained 3,241 C. vicina in total. The catch in these purely olfaction-based traps was highly dominated by females (92% of all specimens) and out of these 40 traps, 28 caught only female flies while the remaining 12 traps contained at least 90% females.
Population monitoring
Differences in seasonality amongst the three most numerous species were illuminated by the captures from the white sticky boards (Fig. 4) . Calliphora vicina had a small activity peak in March, a large activity peak from April to the end of the production period and a third peak later in the summer. Protophormia terraenovae showed one distinct peak which overlapped with the major peak of C. vicina. Calliphora uralensis was only present after the production period.
Discussion
Our study clearly shows that C. vicina is the species causing damage to stockfish in Lofoten. It was the only blowfly found amongst the larvae originating from the drying fish, and also the dominant species caught in the vegetation around the production sites and in the traps. This contradicts with previous studies naming C. uralensis as the major threat to stockfish quality (Sømme et al. 1964; Sømme and Gjessing 1963) . Most of these studies were conducted during the late spring and summer at localities at least 250 km further north and may, therefore, have failed to detect the high activity levels of the early spring species C. vicina and P. terraenovae. Pollenia rudis were also present during the stockfish production in Lofoten, but this is an obligate earthworm parasite and is of no consequence for the producers. The rest of the blowfly species found in this study may be considered summer species (Rognes 1991) appearing too late to cause damage.
The results of this study support the assumptions of Soot-Ryen (1925) and Sømme et al. (1964) regarding timing of damage. Less damage is apparent in fish dried earlier than later, and sun-exposure appears to lead to increased damage levels. Calliphora vicina are positively phototactic (Vinogradova and Kaufman 1994) and are likely to seek out warmer sites for egg laying. High temperatures may also increase survival of eggs and larvae. The differences in damage observed between the middle and the perimeter of the drying racks may also result from an edge effect with approaching flies stopping as they reach the fish at the border of the racks.
Calliphora vicina produce egg batches ranging from 100 to 200 eggs (Davies 2006; Saunders and Bee 1995) , and the average number of larvae leaving each damaged fish Yellow sticky traps and funnel traps were baited with dimethyl trisulphide, while white sticky traps trapped flies by colour attraction only. suggests a single, egg-laying female. However, some fish must have received eggs from more than one blowfly because a maximum number of 538 larvae were observed. One and three egg-laying females per damaged fish were used to estimate the minimum and maximum number of female C. vicina attacking the fish (Table 2 ). The number of female C. vicina caught in the traps (92% of total catch) during the critical period of drying was between 5 and 30% of these estimated numbers. It is unknown if the females were captured before or after laying eggs. In order to further examine the details of the catch, we divided the critical drying period into two additional periods, corresponding with the early and late categories found to be receiving different levels of damage. Smaller, but still noticeable, Fig. 3 Mean number ± SE of adult Calliphora vicina and Protophormia terraenovae caught per trap at three stockfish production sites during the production. Periods with no catch are not included Fig. 4 Mean numbers ± SE of adult Calliphora vicina, Calliphora uralensis and Protophormia terraenovae caught per week in white sticky traps at three stockfish production sites in Lofoten, Norway 2005 proportions were caught in the earlier periods ( Table 2 ). The catch increased in parallel with the increase in damage, indicating that the traps indeed captured flies simultaneously with the occurrence of damage, raising the possibility that trap usage could led to reduced damage. Reviews of the potential of mass trapping (El-Sayed et al. 2006 ) and of lure and kill strategies (El-Sayed et al. 2009 ) illustrate several key elements behind the successful and efficient deployment of semiochemicals. Most important is the ability to reach a large enough proportion of the pest population, application of lures with a higher attraction than the natural odour source, efficient traps or killing agents, extensive trapping and killing before damage occurs, and low material and labour costs. Other factors influencing success include low population density of the target species and isolated pest populations with low levels of immigration. Finally, it is considered advantageous to work with monophagous and univoltine species.
The blowfly pest problem on stockfish in Lofoten appears to fulfil several of the successful criteria discussed by El-Sayed et al. (2006 . According to our damage and trapping estimates, we were able to reach a noticeable proportion of the pest population, even if trap numbers were low. Another important aspect for the stockfish producers is the cost efficiency of trapping. The cost of the traps used in these experiments is very low compared to the loss inflicted by the flies. If damage is avoided in only 100 fish, then the material and labour of the trapping program performed in this study will be covered, which in itself is a good argument for mass trapping. In cold climates, C. vicina is reported to have one or two adult activity peaks (Nuorteva 1959) , and given the low temperatures in Lofoten, it is likely that the species is uni-or bivoltine in this area. In addition, the stockfish production creates distinct and partially isolated blowfly populations, increasing the odds for mass-trapping success.
Successful elements related to trap timing and efficiency are more difficult to evaluate based on the present data, but traps targeted the pest species directly, and the high proportion of females in our catch, using dimethyl trisulphide as bait, seems promising. Target specificity is advantageous to avoid unwanted negative effects on the general insect fauna, and attraction and trapping of females should be the primary focus because these individuals cause the damage. Traps capable of competing with the authentic odour source may be hard to develop, but a possible way around this problem is to use traps with lure after the production period. Calliphora vicina is known to have a proportion of individuals overwintering as adults with eggs (Vinogradova 1986) , and the appearance of egg-laying flies in early spring indicates that this is the case in Lofoten as well. If the flies causing damage in March and April are active during the previous summer and autumn, then it might be possible to reduce damage by lowering the number of overwintering individuals through mass trapping.
Inconsistencies were observed in the relative abundance of saphrophagous species that were caught in the three different trap types. It is possible that the white sticky traps used for population monitoring are more attractive to P. terraenovae, raising the relative catch of this species. Another and more likely explanation is a stronger attraction towards dimethyl trisulphide by C. vicina. The transparent funnel traps with lure showed a strongly skewed relative catch towards this species compared to the yellow sticky traps with lure and the white monitoring Period of high levels of damage (start-mid-April) 1-2% 2-5% 5-15%
Period of low levels of damage (start-mid-March)
The number of Calliphora vicina larvae produced and the percent range of females caught in traps are estimates based on average fish weight in kilograms, average number of larvae per damaged fish, a catch ratio of 92% females and assumptions of 1-3 damaging individuals per damaged fish a Average fish weight based on 200 sampled stockfish J Pest Sci (2010) 83:329-337 335 traps without lure (Fig. 3) . Oligosulphides originate from the decaying processes of proteins found in carcasses (Brown 1982) , and it is likely that these chemicals are actively used by the primary saphrophags. Protophormia terraenovae larvae typically develop on dead animals, but they have also been reported to act as myiasis agents in cold climate regions, and to live parasitically on bird nestlings (Hall 1947; Morris and Titchener 1997; Wall et al. 1992a) . If the life cycle of P. terraenovae contains parasitic habits, then this species may be less attracted to decaying matter, explaining why P. terraenovae do not attack the stockfish even if it is present during production. A similar situation has been observed between the saprophagous C. megacephala and the facultative parasite L. cuprina on drying fish in Southeast Asia. Both species were present, but C. megacephala was the major damagecausing species (Esser 1991) . Oligosulphides are only a minor component of the lures developed for blowfly parasites (Mackley and Brown 1984; Morris 2005; Urech et al. 2009 ), indicating differences in the use of chemical cues between the specialists and generalists reported to attack fish (Esser 1991; Sømme and Gjessing 1963; Wall et al. 2001 ). These differences emphasize the need for target-specific lures and if dimethyl trisulphide is a common attractant for primary saphrophagous blowflies, such as Calliphora spp., its use might be transferrable to other areas of the world where control of blowflies is needed to prevent food damage. The results of this study suggest that an integrated pest management approach is needed to solve the blowfly problem. The estimated number of larvae produced in damaged fish ranged from 1.2 to 2.2 million at the three production sites (Table 2 ) and efficient collection and destruction of these larvae is crucial to avoid unnaturally high local population densities. Mechanical measures, such as shading of the latest processed fish at sun-exposed sites, should also be considered. The time of hanging is dependent on the arrival of breeding Atlantic cod, but the earlier the drying starts, the less will be the damage experienced. Mass trapping with sticky traps and funnel traps baited with dimethyl trisulphide might reduce damage and contribute to decrease the number of adult C. vicina in the production areas.
Although this study shows promising results, further study is needed before any large scale blowfly control programs could be applied. Improvement of lures and traps is needed and questions regarding optimum trap densities and the possibility of trapping prior to attack need to be answered. The use of oligosulphides to trap other primary saphrophagous blowfly species that damage food in other areas of the world would be of additional interest and could help improve the understanding of the general and specific use of olfactory cues in this family of flies.
